Annealed tough pitch copper containing Cu20 inclusion particles has been pressurized under various pressures up to 15000 kg/cm2 at room temperature and the dislocation structure formed by pressurizing has been studied by means of transmission electron microscopy. The results obtained are as follows: (1) The critical pressure required to generate dislocations and to form tangled dislocations around a Cu2O particle depends strongly on the particle diameter. The relation between the critical pressure and the particle diameter agrees well with the theory of Ashby et al. (2) The tangled dislocations show regular structures whose shape changes with the orientation of the foil specimen. This phenomenon is successfully explained by a mechanism of the tangle formation through the interaction between the dislocations generated on the surface of an inclusion particle. (3) The maximum range D of the dislocation tangle is proportional to the diameter of the inclusion particle d and increases with increasing pressure. The value of the ratio Did is about 3 at 5000 kg/cm2 and about 7 at 15000 kg/cm2. (4) The dislocation tangles formed around the inclusion particles act as obstacles to the motion of dislocations when a pressurized specimen is deformed and causes the change of its mechanical properties.
I. Introduction
In some materials changes in mechanical properties such as hardness and yield stress are observed when they are tested at atmospheric pressure after being kept under hydrostatic pressure. This phenomenon is called the effect of pressurizing or pressure cycling and has been studied with pure iron (2), zinc(3), beryllium(4), chromium (5), Cr-Mo alloy(6), etc. This effect is thought to appear as the result of microscopic plastic deformation due to the shear stress generated under hydrostatic pressure when the material contains elastic discontinuity.
Such inclusions as impurity particles, precipitates and voids whose compressibility is different from that of the matrix can be the origin of this effect. Even in a single phase material, if its compressibility differs greatly depending on the crystallographic orientation, this phenomenon occurs near the grain boundaries as observed in hcp metals. No pressurizing effect is thought to appear in pure metals of the cubic system, but it is observed in the case of tough pitch copper containing many Cu2O inclusions, since the compressibility of these inclusions is much different from that of copper. The pressurizing effect in tough pitch copper has been briefly described in a previous paper (7). In the present paper, the results of transmission electron microscopy observation on the dislocation structure induced inclusions in tough pitch copper by pressurizing up to 15 kb are reported and the mechanism of the pressurizing effect in this material is discussed.
II. Material and Procedure
The material used in the present investigation commercial grade tough pitch copper in the form of wires and its chemical composition is shown in Table   1 . The wire was rolled into a sheet of 0.15 mm in thickfurnace. Pressurizing was carried out by using white gasoline as the pressure medium at room temperature under various pressures up to 15 kb. The pressure was raised to a given level at a rate of about 1 kb/min, kept for 10 min and then released at the same rate. The pressurized specimens were chemically polished in a solution of 50 % nitric acid in water and then thinned to a thickness of 0.05 mm by electropolishing in a solution of 33% nitric acid in methyl alcohol at 300 mA/cm2. Then after having been dented by jet polishing (using 33 % nitric acid solution in methyl alcohol at room temperature), the specimens were again electropolished and examined by transmission The void is the trace of a fallen particle. 500 kV in the annealed specimen in this investigation. The dislocation density in the annealed specimen was measured to be about 107 cm/cm3. Photograph 2 shows an example of the electron micrographs taken at an accelerating voltage of 500 kV from a specimen pressurized at 2 kb. Nearly linear dislocations are observed around a void of about 6 y diameter, probably due to the falling off of an inclusion particle. Few inclusion particles were observed in the electron micrographs because most of the Cu2O particles fell off during the foil preparation of forming many voids in the traces. Such linear dislocations around a large particle as shown in Photo. 2 were not observed at an accelerating voltage of 150 kV. In a foil observable at 150 kV, these dislocations will probably have gone out of the specimen when examined under an electron microscope.
Photograph 3 shows an electron micrograph of a specimen pressurized at 4.5 kb, the foil being parallel to the (011) Photo. 4 Tangled dislocation structure formed around particles after pressurized at 5 kb, the foil parallel to (001). 150 kV center of this cross there are no inclusion particles but a circular void that is presumably the trace of an inclusion. A part of the dislocation cell structure formed by dislocations nucleated from the particles is also shown.
Photograph 5(a) shown an electron micrograph of a specimen pressurized at 10 kb, the foil being parallel to the (111) plane. As can be seen from this micrograph, voids take a hexagonal shape with its sides being perpendicular to the [112] direction. This is a common phenomenon observed in the case of the (111) shows an electron micrograph of a specimen pressurized at 15 kb, the foil being parallel to the (001) plane. In this case, voids take a square shape with its sides being parallel to the [110] direction. Dislocation tangles are observed to be perpendicular to each side of the void as shown in Photo. 5(a). The majority of the void observed on the (001) foils are regularly shaped in this form.
Photograph 6 is also an electron micrograph of a specimen pressurized at 15 kb, the foil being parallel to the (111) plane. The structure of tangled dislocations around a particle is similar to that in Photo. 5, while another type of structure extending into only three directions is observed.
Photo. 5 Tangled dislocation structure and deformed voids observed after being pressurized at 10 kb (a) and 15 kb (b), the foils parallel to (111), (001), respectively. 150 kV
Photo. 6 Two kinds of tangled dislocation structure observed after being pressurized at 15 kb, the foil parallel to (111). 150 kV Photograph 7 is another example for a specimen pressurized at the same pressure and of the same orientation as in Photo. 6. Dislocation loops which are probably nucleated from a small particle of about 0.2 u diameter are found to from a row along the [101] direction and the foremost loop among them is apart from the particle at a distance more than fifteen times as large as the diameter for the particle. These dislocation loops which are likely to be formed by prismatic punching have seldom been observed in the present experiment.
Photograph Photograph 9 shows an example of the observation on a specimen elongated 2 % at room temperature and atmospheric pressure after pressurization at 15 kb. It appears that the dislocations nucleated around a particle by the pressurization have entangled with dislocations moved by deformation and consequently many dislocation loops are nucleated.
2. Critical pressure for generating dislocation tangles around an inclusion particle Diameters of the inclusion particles were estimated from a large number of the micrographs including the above examples. Then, the relation between the diameter of a particle and the lowest pressure at which the dislocation tangling occurred around the particle was obtained as illustrated in Fig. 1 . When the particle fell off, the diameter of the void in the trace was measured instead of the particle diameter. In this case, the diameter of the void might be a little different from the particle diameter due to corrosion during electrolytic thinning, but it affords a criterion for estimating the particle diameter. In the region below the solid line in Fig. 1 no dislocation tangles were observed around the inclusion particle while strong dislocation tangles were found in the upper region. The limit of pressure necessary to nucleate and entangle dislocations around a particle is considered to be practically the same as that necessary to induce plastic deformation. Figure 2 shows the log-log representation of the relation shown in Fig. 1 . From the figure the critical pressure necessary to start the dislocation tangling around a particle is shown to be in proportion to the -4/5th power of the particle diameter.
3. Relation between the size of dislocation tangle and the diameter of inclusion particle Next, the relation between the extent of the dislocation tangle D and the particle diameter d for specimens pressurized at 15 kb was obtained as illustrated in Fig. 3 . As shown in this figure, D is nearly proportional to d and D/d is about 7. The value of the ratio Did was found to decrease with decreasing pressure and was about 3 for pressurizing at 5 kb. On the other hand, the diameters of particles contained in these specimens were in most cases below 1 y and the distribution density of particles was about 1010/cm3. Fig. 2 Log-log representation of the relation shown in Fig. 1.   Fig. 3 Size of the dislocation tangle around a particle as a function of the particle diameter.
Dislocation density
The dislocation density at the tangling around a when pressurized at 15 kb. In the case of the dislocation tangling of such a complicated structure as shown in Photo. 8, the density was very high and often exceeded 1010 cm/cm3.
IV. Discussion
Generation of dislocations by pressurizing
The mechanism of generation of dislocations around an inclusion particle by pressurizing has been investigated by Ashby et al. (1 1)(12) (12) have discussed the condition for nucleation of a dislocation loop by the stress field around a particle from the viewpoint of the energy of the system. According to their criterion a dislocation loop is nucleated when the quantity elc1(11) reaches a certain limiting value (critical misfit), where ec11 is induced under hydrostatic pressure by the difference of compressibility between the matrix and the inclusion and is called "constrained strain" or "misfit" . When the inclusion particle is incoherent with the matrix, the critical misfit is dependent on the particle diameter. In Fig. 4 are shown the results of Ashby et al. and the present study (Fig. 2) . As shown in the figure, the present experimental result agrees approximately with Ashby's theory.
Dislocation struture around an inclusion particle
Next, discussion will be made on the mechanism of the radius of the sphere) from the center of the sphere and at the six intersecting points of the circumference and the six directions passing its center. There are eight such slip planes forming an octahedron around the spherical particle. The intersecting circle of each plane and the sphere is at the same time the intersection of the sphere and a cone whose apex is the center the octahedron surrounded by such slip planes is illustrated by ABCDEF. As regards the dislocation loops which are generated on the (111) plane ABE and (111) plane BCF in the figure, they are most likely to be nucleated at the points S1, S2: F1, P2 where the shear stress is maximum. Here, the dislocation loops occurs. In this case, as the Burgers vector of the newly generated dislocation segment lies on the (111) plane, it can move about on this plane but the nodes at both In Fig. 4 the hatched region corresponds to the case where the inclusion particle is softer than the matrix as given in the paper of Ashby et al. the dislocations vanish when they meet on BG. Among the four kinds of combinations mentioned above, the Lomer-Cottrell sessile dislocation is formed on BG in one case, and nodes bound to BG are formed in two cases. Anyway, as the result of the reactions between dislocation loops as described above, a sessile dislocation or nodes bound to BG will be formed on the line BG. From the above discussion, it can be expected that the structure of dislocation tangles generated around an inclusion particle under hydrostatic pressure consists of the cores of the line segments in the <110> direction equivalent to BG as illustrated in Fig. 6 . That is, around a particle of R in radius, a cubic cage of Photograph 4 corresponds to the observation of such a cage along the direction parallel to <001>. In this photograph the four end points of the cross where dislocations are observed to be tangled most strongly are thought to correspond to the corner point of the cube shown in Fig. 6 . Therefore, the distance on the photograph between these points and the center of the The result of observation on a (111)-foil in Photo. 6 shows two kinds of tangled dislocation structures having six and three arrows respectively. The difference in the number of arrows is considered to be due to the difference in the position of the center of the particle in relation to the foil thickness.
If a nucleated dislocation loop should continue to grow without causing the reaction described above, a prismatic dislocation would be formed by the cross slip mechanism as discussed by Ashby et al.(12) . However, as the probability of occurrence of the reaction between dislocations is large, it appears that the formation of such prismatic dislocation seldom occurs. This is presumably the reason that in very few case prismatic punching was observed throughout the present study.
As described above, in tough pitch copper dislocation tangles are formed around Cu2O inclusion particles by pressurizing. When the tangles are once formed around many particles, they act as obstacles to the motion of dislocations when the material is deformed as shown in Photo. 9 and the variation of mechanical properties of the material appears after pressurizing.
V. Conclusion
Annealed specimens of tough pitch copper containing a large amount of Cu2O inclusion particles have been pressurized under various pressures up to 15 kb at room temperature and the dislocation structure generated around the inclusion particles has been studied by means of transmission microscopy under an accelerating voltage of 150 kV or 500 kV. The results obtained are as follows:
(1) By pressurizing, dislocation tangles are formed around the inclusion particles. The critical pressure required to initiate the tangling depends strongly upon the diameter of the inclusion particle. The relation between the critical pressure and the particle diameter observed in this study agrees fairly well with the theory of Ashby et al.
(2) The tangled dislocations show regular crosslike structures cross centering on a particle and six arrows radiated out from a particle when they are observed along the <001>-and <111>-direction, respectively.
(3) From the interaction between dislocations nucleated from several points on the surface of the particle where the shear stress become maximum along slip direction, it can be expected that these dislocations cause reactions including the formation of the LomerCottrell sessile dislocation, and as result, a cubic cage structure of tangled dislocations with the edge length ticle. This prediction agrees well with the observation in (2).
(4) The extent D of the dislocation tangles is proportional to the particle diameter d and increases with increasing hydrostatic pressure. The value of this ratio Did is about 3 at 5 kb and about 7 at 15 kb.
(5) The dislocation tangles thus formed around the inclusion particles act as obstacles to the motion of dislocations when a pressurized specimen is deformed and cause the change in its mechanical properties.
